Shotgun proteomic analysis of the human nail plate identified 144 proteins in samples from Causcasian volunteers. The 30 identified proteins solubilized by detergent and reducing agent, 90% of the total nail plate mass, were primarily keratins and keratin associated proteins. Keratins comprised a majority of the detergent-insoluble fraction as well, but numerous cytoplasmic, membrane, and junctional proteins and histones were also identified, indicating broad use by transglutaminases of available proteins as substrates for cross-linking. Two novel membrane proteins were identified, also found in the hair shaft, for which mRNAs were detected only at very low levels by real-time polymerase chain reaction in other tissues. Parallel analyses of nail samples from volunteers from Inner Mongolia, China gave essentially the same protein profiles. Comparison of the profiles of nail plate and hair shaft from the latter volunteers revealed extensive overlap of protein constituents. Analyses of samples from an arsenic-exposed population revealed few proteins whose levels were altered substantially but raised the possibility of detecting sensitive individuals in this way.
Introduction
Abnormalities in the nail can reflect environmental exposures, systemic disease, or genetic disease. An indication of the prevalence of such effects, brittle nail syndrome, occurs in ≈20% of the population. 1 A variety of systemic disorders have manifestations in nail appearance and function, and numerous drugs and toxic ingestants affect nail biosynthesis. 2, 3 Some treatments or conditions, including rare genodermatoses, produce leukonychia ("white nails"), often attributed to perturbation of the differentiation of cells exiting the matrix. 4 For example, acute arsenic poisoning can produce transverse white striations (Mees' lines) that reflect the period of exposure. 5 A dozen genodermatoses are recognized with prominent nail anomalies and twice as many with combined nail and hair anomalies. 6 The human nail unit displays an intricate differentiation program to produce the nail plate. Resemblance of the program to that in both hair and epidermis became evident as methods developed to distinguish among the many keratin proteins expressed. 7, 8 Refinements led to improved localization in the nail matrix of cells expressing hard (hair) or soft (epidermal) keratins or both, and to finding distinctive keratin expression patterns there compared to those in the proximal nail fold and nail bed. 9, 10 The fine structure of the patterns indicates that the nail plate is generated primarily by the ventral matrix with a contribution by the apical matrix to the dorsal portion. 11 The nail plate is held firmly in place by interdigitations on the underside with the nail bed, which is histologically distinct from the matrix. 12 Although differing in terminal differentiation from epidermis in some details, such as lack of a granular layer or caspase-14 expression, 13 the matrix produces a nail plate comprised largely of keratins, accounting for its mechanical resistance to environmental insult. Contributing to the mechanical strength are interdigitations between neighboring cornified cells and disulfide cross-linking among the constituent proteins. Cells of the nail plate also display considerable isopeptide cross-linking, visible after extensive extraction with detergent and reducing agent 14 and whose deficiency is demonstrable in TGM1-negative lamellar ichthyosis. 15 Present experiments were designed to identify prominent constituents of the cross-linked component, to compare them to those found in the hair shaft, and to find whether the composition was altered by chronic arsenic exposure. A useful indicator of arsenic exposure from well water, 16 the nail plate provides a convenient noninvasive sampling of proteins for proteomic analysis.
Materials and Methods
Nail and Hair Samples. One set of four fingernail clippings was analyzed from Caucasian volunteers at the University of California, Davis. A second set of fingernail and the hair samples (four each) were analyzed from volunteers in Inner Mongolia. 16 In the latter group, those with low exposure (two males, two females) drank well water containing 0.1 ppb arsenic, and those with high exposure (two males, two females) drank well water containing 456-536 ppb arsenic. The nail samples from Mongolia were cleaned by sonication in HPLCgrade water, followed by an acetone wash to remove water and organic contamination from the nail surface. 16 All samples were obtained from nonsmokers with written informed consent according to the recommendations of the Declaration of Helsinki (http://www.wma.net/en/30publications/10policies/ b3/index.html).
Proteomic Sample Preparation. As previously described 17 with minor modifications, samples of nail plate or hair shaft (20 mg) were rinsed briefly in 2% sodium dodecyl sulfate to remove loosely adhering contaminants, incubated overnight at 70°C in 5 mL of 2% sodium dodecyl sulfate/0.1 M sodium phosphate (pH 7.8)/20 mM dithioerythritol, and pulverized by stirring for several hours with a small magnetic stirring bar. Insoluble material was recovered by centrifugation and extracted 4 more times, with the protein content of the extract being monitored to ensure complete extraction. (Virtually no protein was recovered in the final extraction supernatant.) The fraction of insoluble protein was 11 + 3% from nail samples.
The soluble and insoluble fractions were alkylated with iodoacetamide and digested for 3 days at room temperature with reductively methylated trypsin 18 in fresh 0. 85 min, 35-80% buffer B in 23 min, hold for 1 min, 80-2% buffer B in 1 min, then hold for 10 min, at a flow rate of 2 µL/min for the maximum separation of tryptic peptides. MS and MS/MS spectra were acquired using a top 10 method, where the top 10 ions in the MS scan were subjected to automated low energy CID. An MS survey scan was obtained for the m/z range 375-1400, and MS/MS spectra were acquired using the three most intense ions from the survey scan. An isolation mass window of 2 Da was used for the precursor ion selection, and a normalized collision energy of 35% was used for the fragmentation. A 2 min duration was used for the dynamic exclusion.
Protein Identification. Tandem mass spectra were extracted with Xcalibur version 2.0.7. All MS/MS samples were analyzed using X! Tandem (www.thegpm.org; version TORNADO (2008.02. 01.2)). X! Tandem was set up to search the IPI human database (version 3.59, 79 736 entries) assuming the digestion enzyme trypsin. X! Tandem was searched with a fragment ion mass tolerance of 0.40 Da and a parent ion tolerance of 1.8 Da. Iodoacetamide derivative of cysteine was specified in X! Tandem as a fixed modification. Oxidation of methionine and acetylation of the N-terminus were specified in X! Tandem as variable modifications. Scaffold (version Scaffold_2_01_01, Proteome Software, Inc., Portland, OR) was used to validate MS/ MS based peptide and protein identifications. Peptide identifications were accepted if they could be established at greater than 80% probability as specified by the Peptide Prophet algorithm. 19 Protein identifications were accepted if they could be established at greater than 99.0% probability and contained at least 2 identified peptides. Protein probabilities were assigned by the Protein Prophet algorithm. 20 Proteins that contained similar peptides and could not be distinguished by MS/MS analysis alone were grouped for parsimony. Numbers of unique peptides were tabulated as a basis for selecting prominent proteins for further analysis.
Estimates of Relative Abundance. Using samples generated from the four Caucasian donors, emPAI values were obtained from Mascot searches of the IPI human database (version 3.59, 79 736 entries) assuming semitryptic cleavages. As previously performed, 21, 22 parameters for searching included a fragment ion mass tolerance of 0.6 Da, a parent ion tolerance of 2.5 Da, carbamidomethylation of cysteine as a fixed modification, oxidation of methionine as a variable modification and a cutoff score of 35 . emPAI values were tabulated for the four nail samples in a given category (solubilized, insoluble). Estimates of relative molar amount were calculated by normalizing to the total emPAI values for a given category. Real-Time Polymerase Chain Reaction. Commercial preparations of normalized cDNA from pooled human tissues (Human Multiple Tissue cDNA Panels I and II from Clontech, Mountain View, CA) were interrogated using TaqMan gene expression assay probes (AppliedBiosystems, Foster City, CA) in duplicate in an ABI 7500 Fast Sequence Detection System. For comparison, cDNA was prepared from RNA from foreskin epidermis obtained from skin by heat treatment 24 and confluent cultures 25 collision gas pressure ) 1.2 mTorr of argon, Q1 and Q3 selectivity ) 0.7 Da (FQHM), spray voltage ) 1900 V, capillary temp ) 180°C. S-Lens and collision energy was optimized for each individual peptide using the isotope labeled peptide analogues detailed below. The best candidate peptides were used for reanalysis of the samples, each spiked with 500 fmol of isotopically labeled peptide analogues (Heavy Peptide AQUA, Thermo Scientific Custom Peptides). The proteotypic peptides employed were SPNQNVQQAAAGALR (PKP1) and IQVVDVR (DSG4). Yields of 3-4 transitions normalized to those of the isotopically peptides were monitored.
Proteomics Data Set. The data associated with this manuscript may be downloaded from ProteomeCommons.org Tranche using the following hash:
zQPrT/Z8UF3rDGwhHKMr6FEZNFvEwDr+94GublvAunowL+ M3as/lrQF77dcQfWRyH35ANN4wCxFSoDK6HnvGto+QbG8AAAA AAAAf9A)).
The hash may be used to prove what files were published as part of this manuscript's data set and to check that the data have not changed since publication.
Results
To identify prominent protein constituents in nail plate and to compare them to those in hair shaft, shotgun proteomic analyses were conducted on (a) fingernail samples from four Caucasian volunteers, (b) four fingernail samples, and (c) four scalp hair samples provided by volunteers from Inner Mongolia, China. Each sample was extracted exhaustively with SDS under reducing conditions, producing a soluble fraction and an insoluble fraction comprising ≈90% and ≈10% of the total protein, respectively. For present purposes, a protein was considered identified when at least two unique peptides were detected in at least two of the samples in each group of four (listed in Supporting Information Table S1 ).
In the Caucasian fingernail samples, 144 proteins were identified. Of these, 97% were found in the detergent insoluble (cross-linked) fraction; of the 30 proteins identified in the detergent solubilized fraction, 26 were also detected in the insoluble fraction. A subset of prominent proteins, those detected in all four samples, is listed in Table 1 (see Table S2 for details) in order of estimated relative abundance (emPAI). Also given are the numbers of unique peptides detected on which such calculations are empirically based. 23, 26 The emPAI values are only semiquantitative, but they provide a convenient ranking of high-, medium-, and low-abundance proteins. 27 Among those listed in the solubilized fraction, 19 of the 21 are keratins and KAPs, accounting for 99% of the protein on a molar basis by this calculation. In contrast, although containing a large keratin component (≈60%), the insoluble fraction displayed a substantial fraction of cytoplasmic proteins (≈26%), membrane and junctional proteins (≈9%), and histones (≈5%).
Similar results were obtained with the fingernail samples provided by volunteers from Inner Mongolia. A total of 172 proteins were identified, with 50 found in the solubilized fraction. Of those identified in the latter, a large majority (86%) were also found in the insoluble (cross-linked) fraction, as in the Caucasian nail group. The proteins detected only in the solubilized fraction were of relatively low abundance judging by relatively low numbers of unique peptides. Most cytoskeletal proteins were readily detected in the solubilized and insoluble fractions, whereas membrane and other noncytoskeletal proteins were detected much better in the insoluble fraction (Figure 1 ). In the hair samples, analyzed in parallel, a total of 140 proteins were identified, 30 in the solubilized fraction, of which 24 were also seen in the insoluble fraction. The contrast in detection in the two fractions is illustrated in Figure 2 .
The profile of proteins identified in nail plate and hair shaft exhibited numerous common constituents. To illustrate the degree of overlap, the 50 proteins with the highest number of unique peptides from the nail and hair samples from Mongolian volunteers were compared. As shown in Figure 3a , the combined profiles displayed similar peptide yields for nearly half the cytoskeletal proteins (keratins and KAPs) and appeared distinct for the rest. The most striking keratin differences were among those typical of epidermis (K5, K14, K17), whereas K82 was found only in hair. Among the 11 junctional and membrane proteins in the combined profiles, all were present in the nail samples, but two (EPPK1 and DSG1) were not detected in hair samples (Figure 3b ). The remaining (intracellular) proteins overlapped considerably, but several appeared distinct. KPRP, SERPINB2, and CKB were detected only in nail, whereas CTTNB1 and ATP5B were seen only in hair (Figure 3c) .
Examination of the membrane proteins observed in the cross-linked nail and hair samples revealed two prominent components about which little functional information is available, LRRC15 and VSIG8. To determine whether these are keratinocyte-specific, expression levels were measured in commercial preparations of cDNA from pools of a spectrum of 16 donor tissues ( Table 2) . As expected, the junctional proteins DSP, JUP, and PPL were widely expressed. So were AHNAK, ANXA1, and SEBP1, while EVPL and PKP1 were nearly as widely expressed. However, FLG2, KPRP, LRRC15, and VSIG8 were detected only at very low levels in some tissues and not at all in most. KPRP was found only in nail plate and epidermis, and FLG2 only in epidermis.
The samples obtained from Mongolia provided an opportunity to examine effects of systemic arsenic exposure on relative protein levels in hair shaft and nail plate. Comparison of the results from arsenic exposed and unexposed samples (Table S3) did not offer convincing evidence of major perturbation of the protein profiles. From the nail samples, two proteins from which fewer unique peptides were obtained in the samples from individuals exposed to high arsenic levels in drinking water (PKP1, DSG4) were examined further by multiple reaction monitoring. Monitoring transitions of one proteotypic peptide from each protein in the presence of the corresponding isotopically labeled control peptide did not give significantly altered yields (p > 0.3 and 0.08) in samples from individuals with high arsenic exposure (see Supplementary Figure 1) . While not definitive, the data indicated such analysis would not provide a routine biomarker of effect.
Discussion
This is the first report identifying cross-linked proteins of nail plate. As found originally for human hair, 17 the profile of research articles
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solubilized proteins was much less complex than that of the nonsolubilizable proteins for both nail and hair. The latter fraction is composed of cytoskeletal, junctional, and a large variety of other intracellular proteins rendered insoluble by extensive isopeptide cross-linking. 28 Although low in relative amount (emPAI value of 0.14), the finding of TGM3 as a component of this fraction (Table S1 ) implicates it in crosslinking. The complexity of the protein profile obtained for the hair shaft, formed from three cell types of different morphology from divergent lineages in the hair follicle, can be attributed in part to its morphological complexity. 21 However, the complexity of the nail plate proteome was similar. This finding testifies to the propensity of corneocyte transglutaminases to incorporate many proteins in their immediate vicinity into cross-linked structures upon terminal cell maturation. A variation of the "dustbin hypothesis" proposed for the epidermis, 29 and noted in cultured epidermal cells as well, 30 this process makes efficient use of available resources to produce structures with great mechanical stability.
The present detailed comparison of prominent proteins is compatible with earlier analyses of keratin expression. The major keratins reported in the matrix were all identified (KRTs 1, 5, 10, 14, 17, 31, 34, 81, 85, 86), although several reported at very low levels (KRTs 7, 8, 18 10 and 38 11 ) were not detected in our analysis. While their cellular localization was not studied at present, previous findings that both hair and epidermal keratins are present in nail plate is evident in the considerable overlap among the proteins identified in nail plate and hair shaft. Moreover, in addition to the hard keratins, DSG4 and SFN, most notable in the nail/hair overlap were SELENBP1, LRRC15, and VSIG8, all of uncertain function. PRDX6, present in nail (and hair) samples (Table 1) , is found in all major organs 31 and is known to be cytoprotective in the epidermis. 32 Compatible with observations in the nail matrix, 11 hair keratin KRT85 was readily detected, but its usual partner, KRT35, was detected only at very low levels.
Until reported in hair, 17 LRRC15 was known normally to be expressed at low levels only in placenta, but it could be induced in neoplastic or certain other pathological conditions. 33, 34 Using tissue cDNA from the mouse, KPRP was found to be expressed in the stomach (as well as skin), probably reflecting a contribution of stratified squamous epithelium in forestomach. 35 Found in the epidermis, notably in the granular layer, 36 expression of FLG2 in other stratified squamous epithelia is uncertain. These gene products provide novel corneocyte markers whose transcriptional regulation and function will be of interest to elucidate.
Considerable effort has been expended on finding biomarkers of arsenic exposure and effect in large populations of afflicted individuals in Taiwan, 37 Bangladesh, 38 and elsewhere. These are anticipated to help evaluate proposed mechanisms of action such as arsenic-induced oxidative stress 39 and to gauge interaction of arsenic exposure with exposure to metals such as cadmium. 40 Since only a fraction of exposed populations exhibit adverse effects, biomarkers could indicate sensitive individuals. Chronic arsenic exposure is commonly monitored using samples of nail plate, 16 so further analysis of such samples could reveal protein biomarkers of exposure and even help elucidate signaling pathways that are perturbed. Clear and reproducible alteration in levels of certain proteins in present work was not observed in either hair shaft or nail plate. Previous examination of hair ultrastructure in cross-section after extensive detergent extraction also did not detect perturbations induced by drinking water with high arsenic content. 41 Nevertheless, the possibility remains that such samples (or those of epidermis) from individuals showing adverse skin effects of arsenic exposure could display altered protein profiles. The possibility that such measurements could distinguish sensitive individuals in a population merits exploration.
